Glypicans are major cell surface heparan sulfate proteoglycans, the structures of which are characterized by the presence of a cysteine-rich globular domain, a short glycosaminoglycan (GAG) attachment region, and a glycosylphosphatidylinositol membrane anchor. Despite strong evolutionary conservation of the globular domains of glypicans, no function has yet been attributed to them. By using a novel quantitative approach for assessing proteoglycan glycosylation, we show here that removal of the globular domain from rat glypican-1 converts the proteoglycan from one that bears ϳ90% heparan sulfate (HS) to one that bears ϳ90% chondroitin sulfate. Mutational analysis shows that sequences at least 70 amino acids away from the glypican-1 GAG attachment site are required for preferential HS assembly, although more nearby sequences also play a role. The effects of the glypican-1 globular domain on HS assembly could also be demonstrated by fusing this domain to sequences representing the GAG attachment sites of other proteoglycans or, surprisingly, simply by expressing the isolated globular domain in cells and analyzing effects either on an exogenously expressed glypican-1 GAG attachment domain or on endogenous proteoglycans. Quantitative analysis of the effect of the globular domain on GAG addition to proteoglycan core proteins suggested that preferential HS assembly is achieved, at least in part, through the inhibition of chondroitin sulfate assembly. These data identify the glypican-1 globular domain as a structural motif that potently influences GAG class determination and suggest that an important role of glypican globular domains is to ensure a high level of HS substitution of these proteoglycans.
Proteoglycans (PGs)
1 influence a variety of cellular and physiological activities including cell proliferation, cell adhesion, blood coagulation, and wound repair (1) . In most cases, the biological activities of PGs depend on the molecular interactions of their covalently attached glycosaminoglycan (GAG) chains. The major GAGs that are found on PGs, heparan sulfate (HS) and chondroitin sulfate (CS), 2 are both synthesized via similar routes, involving the stepwise addition of monosaccharides to the side chain of a Ser residue N-terminal to a Gly residue. HS and CS both begin with the same tetrasaccharide moiety, GlcUA␤1-3Gal␤1-3Gal␤1-4Xyl␤1-Ser. To the terminal GlcUA is attached either ␣-GlcNAc or ␤-GalNAc, depending on whether HS or CS, respectively, is to be synthesized. Subsequently, copolymerases elongate HS or CS backbones through the repetitive addition of GlcUA and the appropriate N-acetylhexosamine, and other modification reactions, sulfation and epimerization, add complexity and functionality to the chains (1-3).
As HS and CS have divergent structures and distinct biochemical properties, it is important that cells appropriately regulate which GAGs they attach to different PG core proteins. Based on the biosynthetic scheme just described, whether a PG carries HS or CS should be governed by either the accessibility or activity of the two enzymes, termed ␣-N-acetylglucosaminyltransferase I and ␤-N-acetylgalactosaminyltransferase I (␤-GalNAc-TI), that are capable of adding the fifth sugar onto the common GlcUA␤1-3Gal␤1-3Gal␤1-4Xyl␤1 "linkage" tetrasaccharide (4, 5) . Clearly, much of the information that regulates this step must be encoded in the PG core protein, since cells that are capable of making both types of GAGs reliably place the correct ones onto appropriate core proteins. For example, cores that bear HS include glypicans, syndecans, perlecan, and agrin; cores that bear CS include members of the aggrecan and decorin families, among others. Some PGs, such as syndecan-1, commonly possess both HS and CS at different sites on the protein (6, 7), whereas others, such as serglycin, bear either CS or HS, depending upon the cell type in which they are expressed (8, 9) . Finally, some core proteins may be produced as a mixture of molecules possessing and lacking GAGs, or may lack GAGs entirely in some cell types. Recent data suggest that such "naked" core proteins actually possess the GlcUA␤1-3Gal␤1-3Gal␤1-4Xyl␤1 linkage tetrasaccharide at their GAG attachment sites (10) . Accordingly, they may be referred to as glycosylated but not glycanated (i.e. not GAG-extended).
Attempts to elucidate signal elements in PG core proteins that regulate glycanation have focused attention on amino acid sequences close to GAG attachment sites. Zhang and co-workers (11, 12 ) fused short segments (typically Ͻ30 amino acids) of the core proteins of various PGs to the IgG-binding domain of protein A and expressed these constructs, and various mutant and chimeric forms of them, in mammalian cells. The secreted fusion proteins were then isolated and analyzed for their proportion of HS versus CS. From these studies it was concluded that particular sequence elements act as important enhancers of HS biosynthesis, such that in the absence of such elements glycanation with CS greatly predominated. The elements that favored HS formation included having two or more Ser-Gly dipeptides in close proximity to each other, having a nearby (within 10 amino acids) cluster of acidic amino acids, and having a tryptophan residue immediately following a Ser-Gly GAG attachment site. Some of the same HS-enhancing elements have also been reported by others (e.g. see Ref. 13) .
Although it is likely that the motifs elucidated by such studies play important roles in enhancing HS assembly on intact PGs, it is noteworthy that such elements are not sufficient to drive efficient glycanation with HS. In the studies of Zhang and co-workers (11, 12) , for example, even the fusion proteins with the most favorable sequences rarely carried more than 60% of their GAG as HS. In contrast, several types of PGs are often glycanated exclusively with HS in vivo. A particularly striking example is the cell surface PG glypican-1. It appears to carry purely HS in vivo (14 -16) , yet a protein A fusion containing a 24-amino acid fragment derived from the glypican-1 GAG attachment region carried only 20% HS (12) . This result was obtained despite the fact that this 24-amino acid region contains three consecutive Ser-Gly dipeptides and two nearby clusters of acidic amino acids. Such findings imply that PG core proteins must contain, outside of their immediate GAG attachment sites, information that regulates glycanation. In the case of glypican-1, such information must be particularly important for determining whether HS or CS is produced.
Glypican core proteins, of which six have been identified in vertebrates, two in Drosophila, and one in Caenorhabditis elegans (17) , share a unique, highly conserved structure, in which a large N-terminal globular domain containing 14 cysteine residues is followed by a GAG attachment domain that includes multiple Ser-Gly dipeptide sites and finally a glycosylphosphatidylinositol (GPI)-anchor that tethers the molecule to the plasma membrane. To date, no binding properties or biochemical activities have been attributed to the N-terminal globular domain of glypicans, despite the fact that these domains display a high degree of sequence conservation both among animal species and between glypican family members. In the present study we demonstrate that the N-terminal globular domain of glypican-1 is a potent enhancer of preferential HS glycanation, capable of driving the glypican-1 GAG attachment domain to assemble HS almost exclusively. We further show that the glypican-1 globular domain can shift the balance of HS glycanation on other GAG attachment domains to which it is experimentally fused and, surprisingly, even on PGs to which it is not fused but is simply coexpressed. Finally, we provide data suggesting that the mechanism by which the globular domain promotes HS assembly involves inhibition of the initiation of CS chains.
MATERIALS AND METHODS
Cell Culture-COS-7 and Chinese hamster ovary (CHO-K1) cells were obtained from the American Type Culture Collection (CCL-61, Manassas, VA). COS cells were grown in Dulbecco's modified Eagle's medium supplemented with 10% (v/v) fetal bovine serum (HyClone, Salt Lake City, UT), and CHO cells were grown in Ham's F-12 medium supplemented with 7.5% (v/v) fetal bovine serum. Both cell types were grown with penicillin G (100 units/ml) and streptomycin sulfate (100 g/ml) at 37°C in a 5% CO 2 atmosphere. Cells were passaged every 3-4 days.
Fusion Protein Construction-The vector APtag-6His was produced by transferring the HindIII to XbaI fragment from the APtag-2 vector (18) containing the AP coding sequence followed by the APtag-2 polylinker sequence into pcDNA3 (Invitrogen, Carlsbad, CA). Next, a segment encoding the peptide sequence RGSHHHHHH, followed by a termination codon, was produced by annealing the oligonucleotides 5Ј-ATCGTGGTTCTCATCACCATCACCATCACTAACTCGAG-3Ј and 5ЈCTCGAGTTAGTGATGGTGATGGTGATGAGAACCACGAT-3Ј. This fragment was inserted into the unique HpaI site at the end of the AP coding sequence. This insertion interrupts the native AP termination codon and thus allows translation through the polyhistidine tag. This construct and all subsequent constructs were sequenced to confirm their identity.
The plasmid encoding GPC(N1/N2/G)-AP was produced by isolating nucleotides 9 -1459 of rat glypican-1 cDNA (see Ref. 19 ; GenBank TM accession number L34067) with BamHI and NarI. The segment containing nucleotides 1459 -1641 was amplified by PCR using the primers 5Ј-1449 CGTTTACGTGGCGCC-3Ј and 5Ј-1641 CGGGATCCGGTCTTCT-GTCCCTC-3Ј. The PCR product was digested with NarI and BamHI. The released glypican-1 fragment and the PCR fragment were subsequently inserted, in the proper orientation, into the BglII site of APtag-6His.
The plasmid encoding GPC(N1/N2)-AP was generated with two PCR products amplified from APtag-6His/GPC(N1/N2/G)-AP. The first PCR product was generated with 5Ј-1300 TGGAATGGGATTTCCAA-3Ј and 5Ј-ATCGCCACCGTAGGCGCCACG-3Ј(the fourth nucleotide of this sequence corresponds to position 1473 of native glypican-1) and digested with KpnI. The second PCR product was generated from the AP coding sequence with 5Ј-ATCAGATCTATCATCCCAGTTGAGGAG-3Ј and 5Ј-GGAAAATCCTAGGACCGT-3Ј and digested with BamHI. Both fragments, when joined at their blunt ends, generate an EcoRV site at the junction between glypican-1 and AP. The digested PCR products were ligated with APtag-6His/GPC(N1/N2/G)-AP that had previously been cut with KpnI and BamHI.
The plasmid encoding GPC(G)-AP was constructed by replacing the NotI to NarI segment from the glypican-1 coding region of APtag-6His/ GPC(N1/N2/G)-AP with an adapter sequence, generated by annealing 5Ј-GGCCGCCGCGCTAGTCGCCTGCGCCCGCGGGGACCCCGCCAG-CAAGGG-3Ј and 5Ј-CGCCCTTGCTGGCGGGGTCCCCGCGGGGCGC-AGGCGACTAGCGCGGC-3Ј. This adapter sequence replaces a small part of the signal peptide that was excised in the NotI to NarI digest and connects the signal peptide directly to region G.
The plasmid encoding AP-GPC(G) was constructed by amplifying the glypican-1 cDNA with 5Ј-CGGGATCCGGCGCCTACGGTGGCAAT-3Ј (the ninth nucleotide of this sequence corresponds to position 1459 of native glypican-1) and 5Ј-1641 CGGGATCCGGTCTTCTGTCCCTC-3Ј, digesting the PCR product with BamHI, and ligating it to the APtag-4 (18) vector that had been pre-digested with BamHI in the proper orientation.
The plasmid encoding GPC(N2/G)-AP was made by replacing the NotI to KpnI segment from the glypican-1 coding region of APtag-6His/ GPC(N1/N2/G)-AP with an adapter sequence generated by annealing 5Ј-GGCCGCCGCGCTAGTCGCCTGCGCCCGCGGGGACCCCGCCAG-CAAGTGGAATGGGATTTCCAAGGGCCGGTAC-3Ј and 5Ј-CGGCCCT-TGGAAATCCCATTCCAGCACTTGCTGGCGGGGTCCCCGCGGGGC-GCAGGCGACTAGCGCGGC-3Ј. This adapter sequence replaces a small part of the signal peptide that was excised in the NotI to KpnI digest and connects the signal peptide directly to region N2.
Region N2 mutants N2A, N2B, and N2E were prepared for mutagenesis by subcloning the KpnI to NarI fragment of the glypican-1 cDNA into pBluescript (Stratagene, La Jolla, CA). The segment containing the N2A mutation was generated by replacing the native KpnI to BalI fragment with an adapter sequence consisting of 5Ј-CTTCCGGAGATC-GAGGGGCGCGGGCTGG-3Ј and 5Ј-CCAGCCCGCGCCCCTCGATCT-CCGGAAGGTAC-3Ј. This manipulation changes the original amino acid sequence, VMGD, to IEGR. The segment containing the N2B mutation was made by replacing the native KpnI to BalI fragment with an adapter sequence consisting of 5Ј-CGGTTGG-3Ј and 5Ј-CCAACCG-GTAC-3Ј. This manipulation replaces the original amino acid sequence, LPEVMGDG, with an Arg residue. The segment containing the N2E mutation was generated first by removing the BalI to KasI fragment, then DNA polymerase I blunting of the overhanging KasI end, followed by blunt-ended ligation. This series of treatments deletes 35 amino acids from region N2. Following mutagenesis, the mutagenized fragments were released from pBluescript with KpnI and NarI then subsequently used to replace the native sequence flanked by KpnI and NarI sites in GPC(N1/N2/G)-AP.
The plasmid encoding N2C was constructed with two PCR products amplified from the glypican-1 cDNA, the first with 5Ј-1300 TGGAATGG-GATTTCCAA-3Ј and 5Ј-CCGAATTCACGTAAACGGTTGGTCA-3Ј (the ninth nucleotide of this sequence corresponds to position 1458 of native glypican-1) and the second with 5Ј-CCGAATTCTACGGTGGCAAT-GAT-3Ј (the ninth nucleotide of this sequence corresponds to position 1465 of native glypican-1) and 5Ј-1641 CGGGATCCGGTCTTCTGTC-CCTC-3Ј. The first and second PCR products were digested with EcoRI followed by KpnI and BamHI, respectively. These two PCR fragments, when joined, replace the native NarI site in glypican-1 with an EcoRI site. A third fragment containing the remaining N-terminal glypican-1 coding sequence was released with HindIII and KpnI from APtag-6His/ GPC(N1/N2/G)-AP. These three DNA fragments were simultaneously ligated into APtag-6His vector previously treated with HindIII and BglII.
The plasmid encoding N2D was constructed with a PCR product made from the primers 5Ј-1455 ACGTGGCGCCTACGGTGGCATC-GAGGGGCGCAATGATGTGGACTTC-3Ј and 5Ј-1641 CGGGATCCG-GTCTTCTGTCCCTC-3Ј. This PCR product was intended to replace the native AYGG amino acid sequence with IEGR. However, because of a PCR error the same native sequence was replaced with the tripeptide EGR. This PCR product was digested with NarI and BamHI. Together with a fragment flanked by HindIII and NarI from APtag-6His/ GPC(N1/N2/G)-AP, the fragments were ligated into APtag-6His vector pretreated with HindIII and BglII.
The plasmid encoding secreted AP was generated with an adapter sequence made with 5Ј-GGCCGCCGCGCTAGTCGCCTGCGCCCGCG-GGGACCCCGCCAGCAAGAGCGAT-3Ј and 5Ј-ATCGCTCTTGCTGGC-GGGGTCCCCGCGGGCGCAGGCGACTAGCGCGGC-3Ј. The adapter sequence was ligated with APtag-6His/GPC(N1/N2)-AP that had been pretreated with NotI and EcoRV. The resultant coding sequence contains the glypican-1 N-terminal signal peptide followed by AP, with an EcoRV site between the coding regions.
The segment encoding a rat betaglycan GAG attachment domain (amino acids 524 -545; GenBank TM accession number M77809) was made with two self-annealing primers 5Ј-ATCATTGTGGTGCAG-GCTCCGTCCCCTGGGGATAGCAGTGGCTGG-3Ј and 5Ј-CCGGATC-CCTCGAGGTCTTCATAGCCATCAGGCCAGCCACTGCT-3Ј. Complementary strands were synthesized using DNA polymerase I. The DNA fragment possesses half of the EcoRV site at the 5Ј end and a BamHI site at the 3Ј end. After synthesis the fragment was digested with BamHI, and the resultant product was ligated into APtag-6His/ GPC(N1/N2)-AP and APtag-6His/AP, both of which had been pretreated with EcoRV and BglII, to produce vectors encoding GPC(N1/N2)-B-AP and B-AP, respectively.
The segment encoding the human decorin GAG attachment domain (amino acids 23-46; GenBank TM accession number M14219) was created with the primers 5Ј-ATCGGCTTATTTGACTTTATGCTAGAA-GATGAGGCTTCTGGG-3Ј and 5Ј-CCGGATCCGAAGTCGCGGTCAT-CAGGAACTTCTGGGCCTATCCCAGA-3Ј. Fragment synthesis, digestion, and insertion into plasmids were performed in a manner similar to the betaglycan fragment, producing vectors encoding GPC(N1/ N2)-D-AP and D-AP.
Transfection and Harvesting of Fusion Proteins-5 ϫ 10 5 COS cells or CHO cells were seeded in 100-mm dishes in 5 ml of the appropriate growth medium for 24 h. Prior to transfection, cells were washed in 5 ml of HBSS followed by 5 ml of Opti-MEM (Life Technologies, Inc.). Cells were then transfected with 5 g of plasmids encoding AP-tagged protein. In experiments in which multiple plasmids were cotransfected into COS cells, 10 g of AP or GPC(N1/N2)-AP was used and mixed, where indicated, with 1 g of GPC(G)-AP. Transfection was carried out using LipofectAMINE (Life Technologies, Inc.) in Opti-MEM medium and an incubation time of 12 h. Next, the transfection medium was replaced with 10 ml of the appropriate growth medium, and this medium was allowed to remain in contact with COS cells for 5 days or CHO cells for 3 days. The conditioned medium was then collected, centrifuged, passed through a 0.45-m filter, supplemented with 2 mM phenylmethylsulfonyl fluoride and 0.05% sodium azide, and stored at 4°C.
DEAE-Sepharose Chromatography-AP fusion proteoglycans were purified by anion exchange chromatography on DEAE-Sephacel (Amersham Pharmacia Biotech) as described (20) , except that detergents and formate-and urea-containing wash buffers were omitted. The AP concentrations of starting and eluted materials were determined from their enzymatic activities (21) , and samples were stored at Ϫ80°C with protease inhibitors (2 mM N-methylmaleimide, 1 g/ml pepstatin A, 2 mM phenylmethylsulfonyl fluoride, 1 g/ml leupeptin), 0.5 mg/ml bovine serum albumin, and 10% glycerol prior to analysis.
GAG Lyase Treatments-Heparitinase was prepared from Flavobacterium heparinum by hydroxyapatite chromatography as described by Linker and Hovingh (22) . Heparitinase and chondroitinase ABC (100330, Seikagaku America, Falmouth, MA) treatments (1 unit/ml) were carried out in 50 mM Tris phosphate (pH 7.0) containing protease inhibitors for 2 h with 1 pmol/ml DEAE-purified fusion proteoglycans as substrates. Incubation temperatures were 37°C for chondroitinase and 43°C for heparitinase. Heparitinase/chondroitinase combination treatments were carried out at 37°C.
Polyacrylamide Gel Electrophoresis and Chromogenic Detection of Fusion Proteins-Samples were mixed 4:1 with 5-fold concentrated SDS-PAGE sample buffer and subjected (without heating) to electrophoresis in 6% Laemmli gels for 200 V-h. MgCl 2 (1 mM) was added to all buffers to stabilize AP activity. Gels were subsequently washed for 5 min in 50 mM Tris-HCl (pH 8.0) containing 1% Triton X-100 and 1 mM MgCl 2 and for 5 min in 100 mM diethanolamine (pH 9.8) containing 1 mM MgCl 2 . Gel staining was carried out in 20 ml of Sigma FAST BCIP/NBT (Sigma B-5655) which consisted of 100 mM Tris-HCl (pH 9.4), 0.15 mg/ml BCIP, 0.3 mg/ml NBT, 5 mM MgCl 2 for 30 -90 min at 37°C. After staining, gels were washed with deionized water for 2 h to remove excess substrate and photographed with a digital camera and analyzed using Kodak Digital Science 1D software, version 2.0.2 (Kodak Scientific Imaging Systems).
Binding to Cationized Nylon and Chemiluminescent Detection-The GAG composition of fusion proteins was quantified using a modification of a dot blot assay originally developed for studying molecules with 35 SO 4 -labeled GAG chains. DEAE-purified fusion protein samples treated with no enzyme, heparitinase, chondroitinase, or both heparitinase and chondroitinase were blotted individually onto cationic nylon (Zeta-Probe, Bio-Rad) according to the protocol of Rapraeger and Yeaman (23) except that the binding buffer (10 mM Tris-HCl (pH 8.0), 8 M urea, 0.1% Triton X-100, 1 mM Na 2 SO 4 ) contained 1 mM MgSO 4 instead of Na 2 SO 4 . Also, to preserve AP activity, samples were not boiled. After binding, the blot was washed twice in 50 ml of 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, and 1 mM MgCl 2 , and once in 50 ml of 100 mM diethanolamine (pH 9.8), 1 mM MgCl 2 . For detection of bound fusion proteins, disodium 3-(4-methoxyspiro{1,2-dioxetane-3,2Ј-(5Ј-chloro)tricyclo[3.3.1.1 3, 7 ]decan}-4-yl)phenyl (CSPD) AP chemiluminescent substrate solution (Tropix, Foster City, CA) was applied per manufacturer's instructions. The blot was drained, wrapped in plastic, and exposed to HyperFilm ECL (Amersham Pharmacia Biotech). The exposed film was then digitally scanned, and the image was analyzed with NIH Image software. Multiple sample dilutions and exposure times were used to verify that all measurements were taken within the linear range of detection.
Under these blotting conditions, only molecules containing GAG chains should remain associated with the blotting membrane (23) . In practice, some AP activity does associate even when fusion proteins that are unglycanated, or have had their GAG chains digested to completion (as confirmed by SDS-PAGE), are examined. Consequently, in determining the reduction in binding of any fusion protein produced by digestion with either heparitinase or chondroitinase, the signal obtained when both enzymes were used together was subtracted from values obtained when a single enzyme or no enzyme was used. After applying this correction, the fraction of any fusion protein that was taken to be glycanated with HS alone was calculated as the fractional decrease in binding produced by heparitinase. The fraction taken to be glycanated with CS alone was calculated as the fractional decrease in binding produced by chondroitinase. The difference, if any, between the sum of these two fractions and unity, was taken to reflect the fraction of molecules glycanated with both HS and CS, i.e. hybrid PGs.
Quantification of glycanation by this method depends upon the assumption that the specific activity of AP fusion proteins is not influenced by the presence of nearby GAG chains. This assumption was validated by control experiments in which the specific activities of AP fusion proteins bearing HS (GPC(N1/N2/G)-AP) and CS (GPC(G)-AP) were tested before and after exposure to GAG lyases and were found not to change (data not shown).
Control experiments also supported the assumption that the protein components to which AP is fused also have little if any effect on APspecific activity. For example, equivalent molar amounts of GPC(N1/ N2)-AP and unfused AP (as determined from Coomassie-stained gels) were found to have identical AP activity (data not shown). This observation agrees with experiences of investigators (21, 24, 25) who have fused AP to a variety of proteins.
Selection, Metabolic Labeling, and Analysis of Cell Lines-For transfection and selection of cells stably expressing either AP or GPC(N1/ N2)-AP, CHO cells were seeded at a density of 5 ϫ 10 5 cells in a 100-mm diameter culture dish in complete Ham's F-12 medium. After 1 day, cells were transfected with 5 g of APtag-6His/AP or APtag-6His/ GPC(N1/N2)-AP with LipofectAMINE in Opti-MEM medium. The medium was changed after 12 h to complete Ham's F-12 medium, and cells were incubated an additional 3 days. Next, the medium was changed to growth medium containing 400 g/ml G418 and was replaced every 3-4 days for 2 weeks. Cells were then cloned by limiting dilution in 96-well plates in the continued presence of 200 g/ml G418. Clones were tested for GPC-AP expression by assaying conditioned media for AP activity. This involved heating 50 l of conditioned medium to 65°C for 10 min (to inactivate endogenous phosphatase activity) and mixing with an equal volume of 1 M diethanolamine (pH 9.8), 0.5 mM MgCl 2 , 0.5 mg/ml bovine serum albumin, 12 mM p-nitrophenyl phosphate (Sigma 104 -105) for 10 min, and measuring absorbance at 405 nm (26) . Colonies with the highest AP expression were split into duplicate 35-mm dishes. At confluence, one of the two duplicate dishes of cells was processed for histochemical detection of AP (24) using BCIP/NBT. Only the clones for which 100% of the cells were expressing AP activity were expanded for further experimentation.
Wild-type CHO cells and cell lines stably expressing either AP (960 fmol/ml/h), a low level of GPC(N1/N2)-AP (584 fmol/ml/h), or a high level of GPC(N1/N2)-AP (1150 fmol/ml/h) were seeded at a density of 6.25 ϫ 10 4 cells per 35-mm plate and maintained in 2 ml of complete growth medium for 24 h. The concentrations of secreted fusion proteins were calculated from their AP activity, as described (21) . For metabolic labeling, cells were first washed twice with 5 ml of phosphate-buffered saline and then incubated in 1 ml of sulfate-deficient medium containing 1 mCi of Na 2 35 SO 4 (ICN, Costa Mesa, CA) which had been equilibrated in a 37°C, 5% CO 2 environment. The sulfate-deficient medium consisted of Ham's F-12 medium with chloride salts replacing all sulfate salts (27) supplemented with 7.5% (v/v) fetal bovine serum that had been exhaustively dialyzed against phosphate-buffered saline. After 1 h of incubation, media were harvested, and the secreted PGs were subsequently purified via DEAE-Sepharose chromatography (20) . Eluates were subjected to liquid scintillation counting to determine total 35 SO 4 incorporation into GAGs, which did not differ significantly among the cell lines.
GAG chains were released from purified PGs via alkaline-borohydride treatment followed by ethanol precipitation (28) . Compositional analysis of free GAG chains was performed using the original dot blot procedure of Rapraeger and Yeaman (23), either with or without prior digestion with 1 unit/ml chondroitinase ABC (Seikagaku) at 37°C for 1 or 2 h (values at both time points were not significantly different, so both types of data were pooled). The amount of radioactivity bound after chondroitinase treatment as a percentage of the undigested sample was taken to represent the percentage of HS; this approach was justified by SDS-PAGE analyses (29) indicating a lack of detectable [ 35 S]sulfate labeling of any macromolecules other than CS and HS. Parallel experiments that examined the GAG composition of cell-associated, rather than secreted, PGs revealed that the former consisted almost entirely of HSPGs. Not surprisingly, the relative content of cell-associated HS did not change in any of the experimental conditions (data not shown).
RESULTS
Glypican core proteins share a common structure in which a highly conserved cysteine-rich N-terminal domain is followed by a smaller region with multiple Ser-Gly dipeptide sequences and finally by a short, poorly conserved C-terminal region that provides signals for GPI anchorage. In glypican-1, the second of these regions contains three consecutive Ser-Gly dipeptides, and mutagenesis experiments have shown that GAGs are attached to glypican-1 only at these serine residues (30) . The N-terminal domain has no known function but is the site of substantial intrachain disulfide bonding, consistent with folding into a compact globular structure (20, 31) . We may thus divide mature rat glypican-1 into a globular domain, a GAG attachment domain, and a GPI anchor (Fig. 1) . In this study we have further subdivided the N-terminal globular domain into an initial portion that contains all 14 cysteine residues (region N1, 392 amino acids following removal of the signal peptide), followed by a cysteine-free segment (region N2, 58 amino acids) that separates it from the GAG attachment domain (region G, 56 amino acids, of which Ser-Gly dipeptides represent the 13th through the 18th). The boundary between region N2 and region G (after amino acid Gly 473 ) occurs just prior to a cluster of acidic amino acids that is present in all glypicans.
To investigate how sequences in PG core proteins influence the types of GAG chains they bear, one must be able to quantify the numbers and types of GAG chains that are added to experimental core protein molecules. Typically, GAG biosynthesis is measured through the use of metabolic labels, such as [
3 H]glucosamine and [
35 S]sulfate. We chose instead to place a tag on the core protein and use a combination of chromatographic behavior and enzyme susceptibility to distinguish PG species that are glycanated in different ways.
Briefly, various regions of glypican-1 were genetically fused at their C terminus to a secreted form of AP. In one case AP was used as an N-terminal tag rather than a C-terminal tag. In all cases the glypican-1 GAG attachment domain was truncated to remove its GPI anchorage signal, so that all constructs encoded secreted rather than membrane-anchored proteins. DNA fragments encoding fusion proteins, as illustrated in Fig. 1 cloned into the mammalian expression vector pcDNA3 and subsequently transfected into COS or CHO cells. After transfection, culture medium was harvested after 3-5 days and analyzed directly by SDS-PAGE. By omitting the boiling of samples prior to electrophoresis, it was possible to retain sufficient AP activity so that the migration of fusion proteins could be visualized by soaking gels in a colorimetric AP substrate solution.
As shown in Fig. 2 , a fusion protein containing both the glypican-1 globular domain and the GAG attachment domain (GPC(N1/N2/G)-AP) and one containing just the GAG attachment domain (GPC(G)-AP) both migrated as broad smears on SDS-PAGE, consistent with the presence of GAG chains. In contrast, GPC(N1/N2)-AP, which possesses only the globular domain, migrated as a sharp band, consistent with a nonglycosylated or a poorly glycosylated protein. These results demonstrate the utility of AP tagging for rapid assessment of GAG addition to fusion proteins and support the conclusions of Mertens et al. (30) that only the Ser-Gly dipeptides in region G of glypican-1 support GAG biosynthesis. Fig. 2 reflected the presence of HS or CS chains, PGs were purified by anion exchange chromatography from the conditioned media of transfected cells and were subjected to enzymatic digestion with either heparitinase (heparinase III) or chondroitinase ABC. Products were analyzed either by SDS-PAGE as in Fig. 2 or, for more quantitative measurements, by dot blotting onto cationized nylon, followed by determination of bound AP activity (see "Materials and Methods").
Requirement of the Globular Domain for Preferential HS Assembly-To determine whether the smears in
As shown in Fig. 3A , such analysis revealed that GPC(N1/ N2/G)-AP, when expressed in COS cells, was made almost exclusively as HSPGs (92%) with the balance consisting of CSPGs. Native glypican-1 that has been isolated from a variety of sources (14 -16) has been reported to bear solely HS. It is not clear whether the small proportion of CSPGs observed in the present study also occurs with native glypican-1 (but has gone unnoticed) or whether it is a consequence of the experimental methods (e.g. overexpression, removal of the GPI anchor, addition of AP). Nonetheless, it appears that the GAG preference of the GPC(N1/N2/G)-AP fusion protein is reasonably close to that of native glypican-1.
In contrast to GPC(N1/N2/G)-AP, a fusion protein with the globular domain deleted, GPC(G)-AP, was produced in COS cells at similar levels but consisted almost entirely of CSPGs (90%) with the balance consisting of HSPGs (Fig. 3A) . The loss of preferential HS assembly caused by globular domain deletion was not cell type-specific, as similar results were generated with the same fusion proteins expressed in CHO cells (Fig.  3B) . Thus, whereas the glypican-1 GAG attachment domain contains sequences necessary for the attachment of GAGs, the globular domain contains information that dramatically alters GAG preference from CS to HS.
The dependence of HS glycanation on the presence of the globular domain could reflect specific sequence information in that domain, or it could simply reflect a requirement that the GAG attachment site not be located close to the N terminus of the protein. To distinguish between these possibilities, we generated a fusion protein in which AP was fused to the N terminus, rather than the C terminus, of region G. AP is a globular protein with a mass of 67 kDa; thus it is not unlike the glypican-1 globular domain itself, which has a mass of 58 kDa. When expressed in COS cells, this construct, AP-GPC(G), had a GAG composition almost identical to that of GPC(G)-AP (Fig.  3A) . Thus, substitution of the glypican-1 globular domain with a heterologous globular domain of similar mass failed to restore preferential HS assembly.
We next attempted to determine whether the ability of the glypican-1 globular domain to promote HS assembly could be localized to sequences most closely adjacent to the GAG attachment site, by testing GPC(N2/G)-AP, which includes the last 58 amino acids of the globular domain. As shown in Fig. 3A , only 12% of that fusion protein was made as HSPGs, with the remainder consisting of CSPGs, a composition not significantly different from that of GPC(G)-AP. Thus, region N2 is not sufficient to promote HS assembly.
To test whether region N2 is necessary for promotion of HS assembly, mutations were introduced into the region in the context of the full-length fusion protein construct GPC(N1/N2/ G)-AP (Fig. 4) . Mutations were located either toward the Nterminal end (N2A and N2B) or near the C-terminal end (N2C and N2D) of region N2. Of the glycanated fusion proteins produced by these constructs, 74 and 78% of N2A and N2B, respectively, were made as HSPGs (Fig. 5) . In the case of the more C-terminal mutations, 45 and 47% of N2C and N2D, respectively, were expressed as HSPGs. In all 4 cases, the remaining glycanated fusion proteins were made as CSPGs. Together, these results indicate that structures in both region N1 and N2 are required for ensuring preferential HS assembly on glypican-1.
Finally, we sought to determine, with mutant N2E (Fig. 4) , whether region N1, independent of region N2, could promote HS assembly. This mutant has 60% (35 out of 58 amino acids) of region N2 deleted (Fig. 4) . However, no AP activity was detected in media from transfected cells, suggesting that this fusion protein was either not expressed or not properly folded.
The Glypican-1 GAG Attachment Domain Does Not Support HS/CS Hybrid Formation-Since each of the three serine residues in the glypican-1 GAG attachment domain can prime a GAG chain (30) , in principle both types of chains, HS and CS, could be assembled at the same attachment domain, producing HS/CS hybrid PGs. In all of the experiments described above (Fig. 3 and 5) , we found that formation of hybrid PGs (calculated as the proportion of core proteins that remained able to bind cationized nylon after treatment with either heparitinase or chondroitinase but not after treatment with both enzymes) was below the limits of detection. These results suggest that the three GAG attachment sites in glypican-1 are functionally linked, so that either HS or CS may be primed but not both.
The Globular Domain Enhances HS Synthesis on Heterologous GAG Attachment Domains-The N-terminal globular domain of glypican-1 is similar in sequence among all known glypicans but is unrelated to any other known protein domain. This raises the question of whether its ability to enhance HS assembly is limited to GAG attachment domains derived from glypicans. This question was addressed by substituting a GAG attachment site from betaglycan. It has previously been shown that this site can support the attachment of a single chain of either HS or CS (11) . AP was fused to this domain at its C terminus, either with or without the glypican-1 globular domain at its N terminus, thus producing GPC(N1/N2)-B-AP and B-AP, respectively (Fig. 6A ). When these constructs were transfected into COS cells, the results showed that the globular domain increased HS assembly on the betaglycan GAG attachment domain, from 8.1 to 55% (Fig. 6B) . Thus, the glypican-1 globular domain can influence a heterologous GAG attachment domain, even one that possesses only a single GAG attachment site.
As a more stringent test of the activity of the glypican-1 Four mutants, N2A, N2B, N2C, and N2D, were expressed and subsequently purified from the conditioned media and analyzed for GAG composition (see "Materials and Methods"). Cells transfected with N2E did not express detectable AP activity either in the medium or within cells. Solid bars correspond to the percentage of glycanated fusion proteins that bore HS, and gray bars correspond to the percent that bore CS. Measurements of HSPGs and CSPGs were made independently. globular domain, we carried out an analogous set of experiments in which the GAG attachment domain was derived from decorin ( Fig. 6A) . Decorin carries a single CS chain at this site, and has never been observed to carry HS (32) (33) (34) . Indeed, in our hands the decorin GAG attachment domain, when expressed as an AP fusion protein, carried only CS (Fig. 6B) . In contrast, when the glypican-1 globular domain was fused to the N terminus of the same construct, the GAG attachment domain supported 23% HS. Thus, the glypican-1 globular domain can induce HS assembly even in an environment that is otherwise nonpermissive for the synthesis of HS.
The Glypican-1 Globular Domain Decreases Overall Glycanation-As mentioned earlier, the core proteins of many naturally occurring PGs may be produced by cells in an unglycanated form. Studies by Sugahara and colleagues (10) suggest that glycanation is blocked at the level of the ␣-GlcNAc-and ␤-GalNAc-T1 enzymes, the same enzymes that determine whether a chain becomes HS or CS. Consequently, enzymatic action or inaction at this step may be viewed as producing any of three mutually exclusive outcomes as follows: glycanation with HS, CS, or no GAG.
To gain greater insight into the mechanism by which the glypican-1 globular domain influences glycanation, it would therefore be advantageous to quantify not only the relative proportions of HS and CS glycanation of fusion proteins but also to track the molecules that are unglycanated. Fortunately, the AP fusion protein method is particularly suited to this task. The unglycanated fraction can be determined from the amount of AP enzymatic activity that fails to bind DEAE-Sepharose even when not digested with any GAG lyase. Results can be (and were) confirmed by SDS-PAGE, in which unglycanated material noticeably migrates as a sharp band.
When such measurements were made for the fusion proteins described above, it was first noted that different GAG attachment domains supported very different levels of glycanation, despite similar levels of protein expression. For example, fusion proteins containing glypican-1, betaglycan, and decorin GAG attachment domains (without any globular domain) exhibited 90, 12, and 0.55% glycanation, respectively, in COS cells (Fig.  7) . To our knowledge this is the first demonstration that the GAG attachment domains of native PGs can vary so dramatically in their ability to support GAG biosynthesis in a single cell type.
We also observed that inclusion of the glypican-1 globular domain in fusion proteins caused, in every case, a decrease in the fraction of material that was glycanated (Fig. 7) . For ex- ample, in COS cells, a fusion protein containing the glypican-1 GAG attachment domain but lacking the glypican-1 globular domain was 90% glycanated, whereas one containing both the globular and GAG attachment domains was only 63% glycanated. In CHO cells the values for the same molecules were 80 and 44%, respectively. Similar reductions were observed for fusion proteins bearing betaglycan-and decorin-derived GAG attachment domains (Fig. 7) .
From these results it may be concluded that the glypican-1 globular domain acts both to decrease the probability that a core protein will become glycanated and yet increase the probability that glycanated molecules will possess HS chains, rather than CS chains. The mechanistic implications of these observations will be discussed below.
Effects of the Glypican-1 Globular Domain on Total Cellular HS Assembly-The results presented above demonstrate that the glypican-1 globular domain can act in cis, i.e. when directly attached to a GAG attachment domain, to promote HS assembly. We also considered that possibility that the globular domain might act in trans, i.e. on PG molecules to which it is not attached. Initial evidence that this might be the case was obtained by cotransfecting COS cells with vectors encoding GPC(G)-AP along with either GPC(N1/N2)-AP or AP alone (Fig. 8) . The aim of the experiment was to test whether the pattern of glycanation of GPC(G)-AP could be altered simply by expressing the other constructs together with it. Since GPC(N1/N2)-AP and AP cannot be glycanated, the fact that they possess AP activity does not interfere with the determination of relative proportion of HS and CS on GPC(G)-AP.
As shown in Fig. 8 , when GPC(G)-AP was coexpressed with AP, 12% of it was made as HSPGs with the remainder CSPGs; these values are similar to those obtained when GPC(G)-AP was expressed alone (Fig. 3A) . In contrast, when GPC(G)-AP was coexpressed with GPC(N1/N2)-AP, 36% of it was produced as HSPGs, with the balance being CSPGs (Fig. 8) . Thus, the globular domain acted to enhance HS assembly on molecules where it was not attached.
If the mechanism of action of the glypican-1 globular domain acting in trans is the same as that used when acting in cis, one would predict that its influence should not be limited to fusion proteins with glypican-derived GAG attachment domains but also extend to other GAG attachment domains, including those found on the endogenous PGs of the cell. We thus generated CHO cell lines stably expressing GPC(N1/N2)-AP (two clones with expression levels of 580 fmol/ml/h (clone 1) and 1150 fmol/ml/h (clone 2)) as well as a control clone expressing a comparable amount of AP alone (960 fmol/ml/h), and we compared the GAG compositions of endogenous PGs among these as well as wild-type CHO cells. Briefly, cells were metabolically labeled for 1 h with 35 SO 4 , and GAGs isolated from secreted PGs were analyzed according to the original procedure of Rapraeger and Yeaman (23) . The results, shown in Fig. 9 , indicate that the proportion of HS synthesis by CHO cells was significantly increased in response to the expression of GPC(N1/ 
DISCUSSION
The results presented above imply that the globular domain of glypican-1 plays an essential role in directing the preferential synthesis of HS, rather than CS, on the glypican-1 core protein. Deletion of this domain, deletion of its N-terminal cysteine-rich region (region N1), or alteration of amino acid sequences in its C-terminal cysteine-free segment (region N2), all caused a decrease in the proportion of glycanated glypican-1 fusion proteins that carried HS. Although these results were obtained using secreted AP fusion proteins, rather than native PGs, it is noteworthy that a fusion protein containing nearly the entire glypican-1 core protein sequence (i.e. GPC(N1/N2/ G)-AP) was glycanated much like native glypican-1, i.e. almost exclusively with HS. Moreover, the high proportion of CS observed on the AP fusion protein containing just the glypican-1 GAG attachment domain (GPC(G)-AP) was similar to what Zhang et al. (12) observed for protein A fusions of approximately the same domain of human glypican-1. Thus, there is little reason to believe that the use of AP to tag PG core proteins adversely affects the way such proteins are handled by the GAG biosynthetic machinery. Furthermore, although the various fusion protein constructs used in this study were expressed at a variety of different levels (mostly within a factor of 1.5 of each other), relative expression levels did not correlate in any systematic fashion with whether a fusion protein bore predominantly HS or CS (Table I) . Thus, the differences in glycanation among fusion proteins in the present study are unlikely to be an indirect consequence of variable saturation of rate-limiting step(s) in the GAG biosynthetic machinery. Rather, they appear to reflect direct effects of the glypican-1 globular domain on the biosynthetic process.
The Glypican-1 Globular Domain Is an Independent and General Enhancer of HS Glycanation-The results of fusing the glypican-1 globular domain to the GAG attachment domains of the heterologous PG core proteins betaglycan and decorin show that the globular domain can promote the attachment of HS chains, even to a site (derived from decorin) that otherwise carries undetectable levels of HS (both in fusion protein form and in the native PG). In general, the glypican-1 globular domain has a more profound effect on GAG choice than any other established domain in a PG core protein (outside of the amino acid residues immediately surrounding sites of GAG attachment). For example, in perlecan, a "SEA" domain 20 amino acids C-terminal to a GAG attachment site has been shown to elevate modestly the proportion of HS, from 61-62 to 73-81% (13) .
Although the glypican-1 globular domain strongly promoted the attachment of HS to various GAG attachment domains, the proportion of HS observed in such fusion proteins varied from construct to construct. The highest proportion of HS glycanation (92%) was observed on the GAG attachment domain from 9 . Effect of the glypican-1 globular domain on the GAG composition of endogenous cellular PGs. CHO cells that were either untransfected (wild-type, WT) or were transfected with and stably expressed AP at 960 fmol/ml/h, GPC(N1/N2)-AP at 584 fmol/ml/h (clone 1), or GPC(N1/N2)-AP at 1150 fmol/ml/h (clone 2) were metabolically labeled with Na 2 35 SO 4 for 1 h at 37°C. The conditioned media were processed, and the GAG composition was determined as described under "Materials and Methods." The data are averages (ϮS.D.) from three separate repetitions of the metabolic labeling. Clones 1 and 2 both showed a significant increase in the proportion of GAG that was HS (p Ͻ 0.05), whereas the clone expressing AP was not significantly different from the untransfected control.
glypican-1 (which predominantly bears HS in vivo); an intermediate level (55% HS) was seen on a betaglycan GAG attachment domain (which bears either HS or CS in vivo), and the lowest level (23% HS) was observed on the GAG attachment domain of decorin (which bears only CS in vivo). Thus, the influences of sequences local to the GAG attachment site of PGs are still functional even in the presence of the glypican-1 globular domain, suggesting that local and distant sequence elements in a PG core protein act through independent, potentially additive mechanisms.
Mechanism of Action of the Glypican-1 Globular Domain-In principle, there are numerous ways in which the glypican-1 globular domain might influence the glycanation of PG core proteins. However, its ability to affect core proteins to which it is not physically attached (i.e. in trans (Figs. 8 and 9) ) would seem to rule out models based simply on steric hindrance of the access of core proteins to glycosyltransferases. Instead, it would appear that the globular domain must interact with some component of the biosynthetic pathway, e.g. a glycosyltransferase, a cofactor required for the activity or localization of such an enzyme, or some limiting component required for trafficking PG core proteins within the Golgi apparatus. Although the data do not indicate what molecule the glypican-1 globular domain interacts, it is possible to narrow the choices if we assume that a common mechanism underlies both the ability of the globular domain to increase the proportion of PGs bearing HS (Figs.  3-6 ) and the consistent ability of the globular domain to decrease the proportion of molecules bearing GAG at all (Fig. 7) .
For example, in transfection experiments involving COS cells (Fig. 7) , construct GPC(G)-AP yielded a ratio of HS:CS:no GAG of ϳ10:80:10. When the glypican-1 globular domain was present (i.e. GPC(N1/N2/G)-AP), the ratio was 58:5:37. It should be evident that this increase in HS cannot be accounted for by the recruitment of molecules solely from the unglycanated pool (as the latter is not sufficiently large). Rather, molecules that otherwise would have become CSPGs are bearing HS instead. In principle, this could be due either to an increase in the activity of a biosynthetic pathway leading to HS or a decrease in the activity of a pathway leading to CS. Yet, when we take into account the decrease in overall glycanation that is also brought about by the globular domain, it is clear that an increase in HS synthesis could only explain the data if it were accompanied by a parallel, even greater decrease in CS synthesis. In contrast, inhibition of CS synthesis alone would bring about both an increase in the proportion of molecules bearing HS and a decrease in the proportion of molecules bearing GAG at all, as long as those molecules that are diverted away from CS synthesis are not all glycanated with HS. Fig. 10 develops this idea in a quantitative manner, showing that for both COS and CHO cells, the data from comparing GPC(G)-AP with GPC(N1/N2/G)-AP can be reasonably fit by a biosynthetic model involving two steps. In the first step, some core protein molecules become committed to bear CS, whereas in the second step the remaining molecules are selected either to bear HS or stay unglycanated. The effect of the glypican-1 globular domain is to inhibit the first step, lowering the likelihood of commitment to CS from 65-80 to ϳ5-9% (see legend to Fig. 10 ). The numerical agreement between the model and the data suggests that the glypican-1 globular domain may indeed act primarily to inhibit CS synthesis, doing so at a step that precedes commitment to bear, or not bear, HS.
It is tempting to propose that the glypican-1 globular domain FIG. 10 . Proposed action of the glypican-1 globular domain. A two-step biosynthetic model is proposed in which the decisions to attach CS or HS to a core protein are made sequentially. Based on the model, the ratios of HS:CS:no GAG for a core protein will be q(1-p):p: (1-q)(1-p) , where p and q are the probabilities of initiating CS and HS synthesis at the indicated steps. From observed ratios (e.g. Fig. 7) , it is possible to solve for values of p and q. Such an exercise reveals that, for experiments comparing GPC(G)-AP with GPC(N1/N2/G)-AP, the effect of the glypican-1 globular domain is to decrease the calculated value of p from ϳ0.8 to 0.05 (COS cells) or 0.65-0.09 (CHO cells). In contrast, q is little affected (changing from ϳ0.49 -0.61 in COS cells, or 0.43-0.39 in CHO cells). If the model is altered so that the decision to make either HS or no GAG precedes the decision to make CS, it is impossible to fit the data without requiring large changes in both p and q (calculations not shown). Although this model fits the data in Fig. 7 for constructs containing the glypican-1 GAG attachment domain, in the case of the betaglycan and decorin GAG attachment domains, the very large fraction of molecules that are not glycanated requires that additional modifications to the model be made (e.g. having some fraction of molecules bypass the GAG attachment pathway altogether).
TABLE I Measured parameters for all fusion proteins
Data are summarized for all of the AP fusion proteins described in Figs. 3-7. "Total protein" refers to the level of expression of each fusion protein at the time of harvest of conditioned medium and was calculated from the AP activity (see "Materials and Methods"). The proportions of molecules bearing HS, CS, and no GAG were determined as described in the text. Although differences in the expression level of different constructs are noticeable, these did not correlate significantly with degree or type of glycanation. ND, not determined.
acts at the level of ␤-GalNAc-TI, the enzyme that actually commits a nascent GAG chain to become CS (5). However, it is also possible that the globular domain acts at the level of protein trafficking, to influence the delivery of molecules to whatever Golgi compartment contains ␤-GalNAc-TI. Ultimately, answers to these questions may come from identification of molecules with which the glypican-1 globular domain physically interacts (of which none are currently known). To this end, it would be helpful to pursue more systematic mutagenesis to map more precisely the parts of the glypican-1 globular domain that are involved in influencing glycanation. Unfortunately, several attempts to alter sequence in, or truncate, the N1 region of the glypican-1 globular domain have yielded proteins that fail to express, presumably due to misfolding. 3 Undoubtedly, elucidation of the tertiary structure of the highly disulfide-linked globular domain should improve the chances for success of such experiments. In the meantime, it may also be possible to obtain some answers by comparing the globular domains of different glypican-1 family members. For example, when expressed in COS cells, glypican-5 possessed both HS and CS (35) , raising the possibility that the glypican-5 globular domain may not be as efficient at influencing the biosynthetic machinery as the glypican-1 domain.
In Vivo Roles of Glypican Globular Domains-It is curious that most of the local sequence elements within a GAG attachment domain that have been shown to enhance glycanation with HS, clusters of acidic amino acids, repetitive serine-glycine dipeptides (11, 12) , are particularly highly represented in the GAG attachment domain of glypican-1, yet in the absence of the globular domain it is substituted overwhelmingly with CS. Indeed, it is clear from the data of Zhang et al. (12) that although similar local sequence elements are present in the GAG attachment sites of most HSPGs (and lacking in most CSPGs), the isolated attachment sites of HSPGs prime HS to a degree that is both incomplete and highly variable (7-64%, depending on the particular GAG attachment site). The simple interpretation of such data is that the biosynthetic machinery that initiates an HS chain is highly sensitive to subtle sequence differences, such as exact numbers and positions of acidic residues, interference from other amino acids, etc.
In light of the present data, however, we suggest an alternative explanation that most or all of the native HSPG GAG attachment sites studied by Zhang and co-workers (11, 12) are highly and perhaps equally suitable for initiation of HS, but they may vary in their susceptibility to the initiation of CS chains (due to the presence of sequence elements yet undiscovered). This interpretation is particularly reasonable if the model in Fig. 10 is correct, since that model predicts that, even when susceptibility to initiation of HS is maximized (i.e. q ϭ 1 in the model), differences in susceptibility to CS initiation will dramatically alter the proportion of molecules that ultimately bear HS. Interestingly, it may be possible to support or refute this interpretation by examining the degree of overall glycanation supported by the various GAG attachment sites studies by Zhang and co-workers (11, 12) . The prediction made by the model in Fig. 10 is that those molecules that bear the least HS will exhibit the highest level of glycanation.
Whatever the explanation for the inefficient synthesis of HS on the GAG attachment domains of many HSPGs, in the case of glypican-1 efficient glycanation with HS clearly relies heavily on the presence of the globular domain. How the same effect is achieved for other families of HSPGs remains, in most cases, to be worked out. Interestingly, the ability of an exogenous glypican-1 globular domain to influence glycanation in trans (Figs. 8  and 9 ) naturally leads to the speculation that endogenous glypicans might normally exert the same effect on the glycanation of endogenous PGs. Whether that actually happens in vivo or whether the trans effect is something that occurs only when glypicans are expressed at levels outside the physiological range remains to be evaluated by appropriate means. Ultimately, analysis of patterns of glycanation in the tissues of animals mutant for glypican core protein genes (e.g. see Refs. 36 and 37) might shed some light on this issue.
